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Abstract 
We modelled the driving force for aqueous keto-to-enol tautomerisation of 5-bromouracil, a 
mutagenic thymine analogue, by first-principles molecular dynamics simulations with 
thermodynamic integration. Using interatomic distance constraints to model the water-assisted 
(de)protonation of 5-bromouracil in a periodic water box, we show that the free energy for its 
enolisation is lower than that of the parent compound, uracil, by around 3.0 kcal/mol (BLYP-D2 
level), enough to significantly alter the relative tautomeric ratios. Assuming the energetic 
difference also holds in the cell, this finding is evidence for the “rare tautomer” 
hypothesis of 5-bromouracil mutagenicity (and, possibly, that of other base analogues).  
KEYWORDS density functional theory, nucleobases, solvation effects, mutagenesis, CPMD, 
bromouracil. 
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1. Introduction 
5-Bromouracil (BrU) is a structural analogue of thymine in which the methyl group at the 5-
position is replaced by bromine (see Figure 1). BrU can be incorporated into DNA in place of 
thymine,1 and is a well-known mutagen owing to its ambivalent base-pairing ability with either 
adenine or guanine.2 Following a suggestion by Watson and Crick,3 Freese4 and Topal and 
Fresco5 developed the argument that this behaviour was due to the “rare” enol tautomer of BrU – 
presumably stabilised by the bromine substituent – which has the appropriate structure to mispair 
with guanine in pseudo-Watson–Crick geometry via three hydrogen bonds (see Figure 2). 
Measurements of the tautomeric constants of BrU and its parent compound uracil (U) in solution 
appeared to validate this view,6 as did other experiments.7 We note that both U and BrU have a 
large number of tautomers, which have been studied computationally before,8 with the canonical 
diketo form shown on the left in Figure 1 being found to be the most stable for both U and BrU. 
In this paper we focus on the particular enol tautomer shown in Figure 1, as this is the tautomer 
relevant to the mutagenicity of BrU. This is the tautomer referred to as U3 in Ref.8g, which is 
slightly less stable than the U2 enol tautomer.  
[Insert Figure 1 here] 
Figure 1. (Br)U (left) and their enol forms (right). 
The canonical keto tautomer of BrU can also form a mismatched base pair, in which BrU and 
guanine adopt a “wobble pair” arrangement stabilised by two hydrogen bonds (Figure 2). This 
geometry has been experimentally observed in both the crystal phase9 and solution,10 where, in 
the latter case, it is in pH-dependent equilibrium with an ionised mispair that has the same 
stereochemistry as the enolised mispair. However, notwithstanding their existence in vitro, the 
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involvement of non-Watson–Crick intermediates in mutagenesis is called into question by the 
fact that shape complementarity plays a key role in pairing fidelity. In fact, faithful replication 
can be maintained by base isosteres without any hydrogen-bonding capability at all.11 Recently, 
NMR rotation dispersion experiments provided evidence for spontaneous transition from wobble 
base pairs to Watson–Crick-like mismatches stabilised by tautomerisation and enolisation,12 
further casting doubt upon the involvement of non-Watson–Crick base pairs. Furthermore, it has 
been demonstrated that the mutagenicity and incorporation specificity of base analogues are 
related to the abundance of their rare tautomers.13 The activity of DNA polymerases and repair 
enzymes is sensitive to base-pair geometry. Thus, replication is stereochemically as well as 
thermodynamically regulated. 
[Insert Figure 2 here] 
Figure 2. Base pairs involving U or BrU: The canonical A-(BrU)(keto) base pair, the G-
(Br)U(enol) mispair and the G-(Br)U wobble mispair. X is H (in U) or Br (in BrU). U = uracil; G 
= guanine; A = adenine. 
Despite these arguments, the “rare tautomer” hypothesis for BrU mutagenicity remains 
unverified. It has been challenged on theoretical grounds by Orozco et al.,14 who calculated that 
the enol forms of BrU were unstable in the gas and aqueous phases as well as in DNA, and 
similar arguments were later advanced by Hobza et al.8c A limitation of these studies is that they 
employed either a continuum solvent model of water or monohydration, neither of which can 
fully capture the energetics of BrU in systems approaching the bulk water limit, or described 
bulk solvation through Monte-Carlo techniques with empirical force fields,14 with unknown 
accuracy for the special problem at hand. Van Mourik et al.15 subsequently calculated at the 
density functional theory (DFT) level that for BrU (but not U) the 4-enol tautomer is absolutely 
favoured over the keto tautomer in clusters of 50 or 100 explicit water molecules. Other studies 
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investigating the role of water in tautomer conversion of uracil and uracil derivatives (using 
either continuum solvent or a microhydrated environment) generally found that water affected 
the relative stability and lowered the tautomerisation barriers.8d-h, 16. 
It thus appears that water has a highly stabilising effect on the apparently mutagenic “rare” 
tautomer of BrU. Although water is naturally present in the cellular environment of the DNA 
helix, this has properties that are significantly different from bulk water.17 However, DNA bases 
could be tautomerised somewhere else, such as on a single-stranded region on DNA or 
somewhere else in water-rich cytosol, and then be incorporated into DNA.18 Furthermore, 
Leszczynski et al. concluded that inclusion of dynamical effects is essential for studying water-
assisted proton transfer of DNA bases.18 In this paper, to elucidate the thermodynamic driving 
force for the keto–enol tautomerisation, we report simulations of the water-induced proton 
transfer in both BrU and U based on constrained Car–Parrinello Molecular Dynamics (CPMD) 
free energy calculations,19 a semi-quantum form of molecular dynamics (MD) combining an 
electronic structure derived from first principles (Kohn–Sham orbitals) with classical nuclei. To 
the best of our knowledge, no dynamical study of the enolisation of aqueous BrU – that is, 
proton transfer from N3 to O4 – has previously been performed. In this work we focus only on 
the keto→enol tautomerisation of BrU. Another aspect of the nature of BrU tautomerisation 
involves the G-BrU→GBrU(enol) and G-BrU→G(enol)BrU processes, which have been 
extensively investigated by others.20 
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2. Methodology 
2.1 General methodology 
Proton transfers are rare events that can be very difficult to sample over the time-scale of 
short DFT-based molecular dynamics. Therefore, to model the N3-to-O4 proton transfer in 
(Br)U, we divided this process into three distinct steps: deprotonation at N3, intra-solvent 
proton-hopping, and reprotonation at O4 (see Figure 1 for labelling). The first and last of these 
steps were modelled by a set of constrained MD trajectories, in which the constraints were the 
N3–H3 or O4–H4 distances, respectively, where H3(4) is the nearest interacting H atom to the 
respective nucleobase atom (both constraints labelled ζ). Because the free energy is a state 
function, the driving forces that we compute are in principle independent of the chosen reaction 
coordinate. However, any kinetic barriers that would appear may well be artefacts of that 
coordinate; we do not, though, see any such barriers because proton transfers are inherently fast 
in water (in fact they can occur spontaneously as has happened during our simulations, see 
Section 2.4 “Progress of the trajectories” below). The choice of a particular reaction coordinate 
(such as simple bond distances) might introduce a certain bias; however, in context with 
simulations of pKa values it has been shown that using simple X–H distances as constraints 
usually gives very similar results to more sophisticated coordinates (such as coordination 
numbers).21 The simulations for the first steps started from equilibrated solutions of (Br)U in 
periodic water boxes containing 49 solvent molecules (a typical system size affording a ca. 1 M 
solution), with consecutive stepwise elongation of the N3–H3 distance (BLYP-D2 level of DFT; 
this functional was employed because it is still one of the best choices to model liquid water and 
aqueous solutions ‒ see Section 2.6 “Error evaluation” below for further details and 
 7 
justification). Analogous simulations were performed for the third steps, starting from 
equilibrated solutions of the enol forms of (Br)U with stepwise elongation of the O4–H4 distance 
(see Section 2.2 “Mechanistic approach” for further details). This deprotonation has, in principle, 
the same endpoint as deprotonation at N3, i.e., a contact ion pair between the deprotonated 
enolate and a hydronium ion. In practice, there is a free-energy difference between the two 
resulting species, owing to the different ionic interaction sites (N3 and O4). In order to close the 
thermodynamic cycles, we have estimated the energy difference between the two contact ion 
pairs to be just 1.5 kcal/mol1 at the SCS-MP2/aug-cc-pVTZ/COSMO level (see Section 2.7 
below for details), for both U and BrU (with the N•••hydronium ion pair to be the more stable of 
the two). This error is likely to be partially offset by the fact that the free energies of separation 
of the two contact ion pairs – which presumably also differ – are already neglected in the free-
energy calculations. Assuming the proton-hopping step between solvent molecules to be 
essentially thermoneutral, and the free energy of reprotonation at O4 to be the negative of the 
corresponding deprotonation energy of the enol form, this yields the thermodynamics of 
enolisation (via thermodynamic integration22). 
2.2 Mechanistic approach 
Eight values of the constrained distance  were chosen for each of the two constraints (N3–H3 
or O4–H4) in each of the two systems (U and BrU). The  values were as follows (in Å):  
U(N3–H3): 1.05, 1.15, 1.21, 1.27, 1.34, 1.48, 1.61, 1.94;  
U(O4–H4): 1.06, 1.14, 1.22, 1.28, 1.38, 1.54, 1.70, 1.86;  
BrU(N3–H3): 1.04, 1.15, 1.23, 1.30, 1.37, 1.60, 1.88, 2.17;  
                                                 
1 1 kcal/mol = 4.184 kJ/mol 
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BrU(O4–H4): 1.00, 1.10, 1.14, 1.21, 1.28, 1.42, 1.56, 1.71.  
The minimum and maximum values of  for each system are labelled 1 and 2.   
The N3–H3 systems were designed to simulate deprotonation of the keto forms. The starting 
geometries of the setups with the longest N3–H3 constraints were arranged such that a 
hydronium ion was formed within non-covalent-interaction distance of N3, with one of the 
hydronium protons being the constrained H atom.  
Likewise, the trajectories with O4–H4 constraints were designed to calculate the free energies 
of reprotonation at O4, forming the enol tautomer. Here, in each starting structure, the base was 
already fully deprotonated at N3, by simply deleting H3. A new proton (labelled H4) was then 
inserted between O4 and the nearest water oxygen (Ow), forming a linear structure, O4–H4–Ow, 
with increasing constrained values of the O4–H4 distance. The increasing O4–H4 distances were 
accompanied by decreasing H4–Ow distances: for BrU, the maximum value of H4–Ow was 1.75 
Å (when O4–H4 = 1.00 Å), while the minimum was 1.04 Å (when O4–H4 = 1.71 Å). Likewise, 
for U, H4–Ow varied between 1.67 and 0.96 Å. Therefore, the smallest values of (O4–H4) 
corresponded to the O4-enol tautomer interacting non-covalently with water at O4, while the 
largest values corresponded to the deprotonated enolate interacting non-covalently with 
hydronium at O4 (i.e., a contact ion pair). As examples, Figures 3 and 4 show the starting 
geometries for BrU with (O4–H4) = 1.00 and 1.71 Å, respectively.  
[Insert Figure 3 here] 
Figure 3. Starting geometry of the BrU(H2O)49 trajectory with ζ(O4–H4) = 1.00 Å (distance 
labelled).  
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[Insert Figure 4 here] 
Figure 4. Starting geometry of the BrU(H2O)49 trajectory with ζ(O4–H4) = 1.71 Å (distance 
labelled). The resulting hydronium molecule is shown in ball-and-stick representation.  
For each  value, a trajectory of length 6.5–10 ps was simulated (long enough in comparison 
to the expected proton transfer time-scale). Each trajectory was divided into three stages, termed 
Equilibration (lasting for either 1 or 2.5 ps), Thermalisation (with durations varying from 1 to 5 
ps to ensure force convergence), and Production (the remainder of the trajectory). During 
Equilibration, the temperature was constrained to 320 K ± 50 K by rescaling the velocities when 
the temperature went outside this range. Rescaling was not performed during either 
Thermalisation or Production. However, only Production was used for the final calculations of 
the free energy.  
2.3 Free energy calculation 
In each trajectory, the force needed to maintain the distance constraint at each timestep was 
recorded. According to Sprik and Ciccotti22 the relative free energy between states 1 and 2 can 
then be obtained by the following expression: 
 ∆𝐹 =  − ∫ 𝑓
′ d′
2
1
 (1) 
where 
 𝑓 =  
〈𝑍−1/2[𝜆−𝑘B𝑇𝐺]〉
〈𝑍−1/2〉
 (2) 
is the average force of constraint, kB is the Boltzmann constant, T is the temperature, and Z 
and G are factors that compensate for the bias introduced by the constraint (see ref. 22 for the full 
derivation). In the case of a distance constraint as used here, G = 0, and  
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 𝑓 = 〈𝜆〉 (3) 
is simply the ensemble average of the Lagrange multiplier  maintaining the constraint. The 
Lagrange multiplier values, λ, were accumulated over each trajectory. It was confirmed that the 
running average of λ had reached a steady value by the beginning of the Production phase in 
each trajectory (see example in Figure 5), with one exception: the BrU(N3–H3) trajectory with ζ 
= 1.15 Å. In this case, < 𝜆 > failed to converge to a stable value even after 10 ps of simulation 
time. This trajectory was therefore discarded.  
[Insert Figure 5 here] 
Figure 5. Running average of constraint force λ during 8.0-ps BrU(N3–H3) trajectory with ζ  = 
1.30 Å. 
2.4 Progress of the trajectories 
In eight trajectories (see below) the artificially-formed hydronium ion dissociated mid-
trajectory, when one of its unconstrained protons transferred to a neighbouring water molecule 
and joined the bulk solution, a process known as proton hopping. In six of these cases, 
dissociation occurred during the Equilibration stage, so these trajectories were discarded from 
the final calculation of the free energy. In the other two cases (BrU(N3–H3) with ζ = 1.60 Å and 
BrU(O4–H4) with ζ = 1.42 Å), dissociation occurred during the Production stage. Therefore, 
when calculating the mean force, < 𝜆 >, for these two trajectories, we discarded all values of λ 
taken at timesteps subsequent to dissociation, as those timesteps contained no information about 
deprotonation of the bases. The timesteps at which dissociation occurred, and the corresponding 
amounts of “real” simulation time prior to these timesteps, were as follows:  
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BrU(N3–H3): ζ = 1.60 Å, timestep at H3O+ dissociation = 81180 ≡ 5.8 ps 
BrU(N3–H3): ζ = 1.88 Å, timestep at H3O+ dissociation = 7159 ≡ 0.5 ps (discarded) 
BrU(N3–H3): ζ = 2.17 Å, timestep at H3O+ dissociation = 571 ≡ 0.04 ps (discarded) 
U(N3–H3): ζ = 1.94 Å, timestep at H3O+ dissociation = 2000 ≡ 0.2 ps (discarded) 
BrU(O4–H4): ζ = 1.42 Å, timestep at H3O+ dissociation = 114175 ≡ 8.2 ps  
BrU(O4–H4): ζ = 1.71 Å, timestep at H3O+ dissociation = 3450 ≡ 0.2 ps (discarded) 
U(O4–H4): ζ = 1.70 Å, timestep at H3O+ dissociation = 298 ≡ 0.03 ps (discarded) 
U(O4–H4): ζ = 1.86 Å, timestep at H3O+ dissociation = 62 ≡ 0.01 ps (discarded) 
Evidently, in the six cases of dissociation during Equilibration, the ζ values (all ≥1.70 Å) were 
too long for the contact ion interaction between hydronium and base to be maintained.  
Additionally, for U(O4–H4) with ζ = 1.28 Å, reprotonation of the base at the N3 position 
(forming the neutral diketo tautomer) occurred after ~0.4 ps. This trajectory therefore also had to 
be discarded.  
For each of the four systems, we calculated < 𝜆 > for each non-discarded trajectory, and 
plotted these values against the corresponding constrained distances, ζ. As an example, the plot 
for BrU(N3–H3) is shown in Figure 6.  
[Insert Figure 6 here] 
Figure 6. Mean force of constraint <λ> as a function of constraint distance ζ for valid 
BrU(N3–H3) trajectories. 
For all four sets of trajectories, the mean value of λ was near zero when the shortest N3–H3 or 
O4–H4 constraint (1.00–1.06 Å) was imposed. This state corresponds to the neutral diketo (or 
O4-enol) tautomer of each base, featuring a covalent N3–H3 (or O4–H4) bond that requires little 
force to maintain. The forces of constraint reached their greatest magnitudes with the second- or 
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third-shortest value of ζ (1.14–1.23 Å), indicating an intermediate state between diketo (or enol) 
tautomer and contact ion pair. The forces then decreased with ζ, and came close to zero again 
when the constrained distance was around 1.4–1.6 Å. This state corresponds to deprotonation at 
N3 (or O4), forming a contact ion pair. However, we note that in the case of BrU(O4–H4), a 
second (very shallow) minimum of the force occurred at ζ = 1.28 Å before the force reached ~0.  
2.5 CPMD methodology 
The DFT-based CPMD simulations followed the general setup of our previous simulations 
(e.g., ref. 23), with all molecules (solute and solvent) explicitly represented. All simulations were 
carried out with the CPMD24 package. We used the Becke, Lee, Yang, and Parr gradient-
corrected functional25 with Grimme dispersion correction26 (BLYP-D2) for the exchange and 
correlation terms. The one-electron orbitals were expanded in a plane-wave basis set with a 
kinetic energy cutoff of 90 Ry restricted to the gamma point of the Brillouin zone. Medium-soft 
norm-conserving pseudopotentials of the Martins–Troullier type27 were used. The core–valence 
interaction in C, N, and O was treated by s and p potentials with pseudisation radii of 1.23, 1.12, 
and 1.05 a.u., respectively (taking the same radius for s and p), whereas H atoms were treated as 
an s potential with a 0.5 a.u. radius. Energy expectation values were calculated in reciprocal 
space using the Kleinman–Bylander transformation.28 Dynamics were performed in the 
microcanonical ensemble (at constant volume and internal energy) using a fictitious electron 
mass of 400 a.u. (for U) or 300 a.u. (for BrU) and a time step of 4.0 a.u. (for U) or 3.0 a.u. (for 
BrU), and periodic boundary conditions were applied to a cubic box of length 11.5 Å. The 
volume and number of molecules in the box were chosen in order to provide a density of liquid 
water of 1 g/cm3 together with sufficient layers of water surrounding the solute. The initial 
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conformations of all trajectories herein were based on our previous CPMD investigation of U 
immersed in liquid water.29 
2.6 Error evaluation 
Various sources of error need to be considered.  
Firstly, the use of a single distance constraint in each set of trajectories may have imposed 
some bias. Here we have run two separate series of constraints (ζ = N3–H3 or O4–H4) for each 
base, generating separate free-energy measurements of the two protonation/deprotonation steps. 
The energetics of proton transfer from N3 to O4 – a multi-step process, potentially involving 
several H atoms – cannot be modelled by a single sequence of trajectories if the same single 
distance constraint is employed in each of them.30 A seamless set of MD trajectories would 
require a more sophisticated choice of reaction coordinate. For example, Sprik21b modelled the 
auto-dissociation of water using a coordination number constraint, constraining the number of 
protons within bonding distance of a chosen oxygen. By applying a weighting function to 
protons at intermediate O–H distances, the constraint could be varied smoothly toward either 3 
(enforcing the creation of a hydronium) or 1 (enforcing the creation of a hydroxyl). This in 
principle provides a more flexible description of the reaction coordinate than a simple distance 
constraint. However, in practice, the final energy was found to be independent of the type of 
constraint. Another choice is the “difference-of-distances,” in which a triatomic bond-
breaking/bond-making process, A–B + C  A + B–C, is studied by constraining the difference 
between the A–B and B–C distances.31  
Secondly, uncertainties in the force of constraint, λ, lead to a statistical error, δΔF, in each 
free energy. This error manifests as a fluctuation in the running average of λ even after the 
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constraining force has reached a reasonably steady value. δΔF can hence be estimated by 
measuring the standard deviation of this running average during the last picosecond of each 
trajectory, then integrating the standard deviations across the corresponding constraint distances, 
ζ, of each trajectory (a procedure adopted in many of our previous studies, see e.g. Ref 32). Using 
an in-house program, the standard deviations in the N3–H3 trajectories were found to vary 
between 2.7 × 10−5 and 8.7 × 10−4 a.u. for U, and between 2.8 × 10−4 and 1.3 × 10−3 a.u. for BrU. 
The corresponding statistical errors in the free energies are δΔF = ±0.22 kcal/mol for U and 
±0.61 kcal/mol for BrU. In the O4–H4 trajectories, the standard deviations varied between 5.7 × 
10−5 and 7.1 × 10−4 a.u. for U, and 1.3 × 10−4 and 2.0 × 10−3 a.u. for BrU. The corresponding 
statistical errors are δΔF = ±0.12 kcal/mol for U and ±0.53 kcal/mol for BrU. Thus, the errors are 
1–2 orders of magnitude smaller than the energies. A more sophisticated method of estimating 
δΔF from the uncertainty in λ, based on Simpson’s rule, was developed by Senn et al.,31 but 
since it is probably not the largest source of numerical error in the first place, further precision in 
its estimation is not necessary.  
Thirdly, the choice of functional plays a role. The use of BLYP for simulations of small 
biomolecules immersed in liquid water is well established in our group.23, 30 However, other 
authors have detected weaknesses in the dynamical description of water by this method. In 
CPMD simulations of the transport of a hydrated excess proton, Izvekov and Voth noted that 
BLYP caused an unphysical over-structuring of water, resulting in an attraction between the 
excess proton and one “special” water oxygen, and thus significantly reducing the self-diffusion 
coefficient of water compared with experiment.33 Likewise, Todorova et al. observed over-
structuring of water by BLYP, and recommended hybrid functionals for the more accurate 
calculation of self-diffusion coefficients and radial distribution functions.34 However, our study 
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was not concerned with the overall water structure, nor with the behavior of the hydronium 
proton once it had diffused into solution, but only with the constrained base–water interactions at 
N3 and O4.  
2.7 Calculation of high-level gas-phase tautomerisation energies and contact ion pairs 
The structures of the two tautomeric forms of U and BrU were first optimised at the M06-
2X35/6-31+G** level using Gaussian.36 We subsequently performed single-point calculations 
with the spin-component-scaled MP2 (SCS-MP2)37 method using the aug-cc-pVQZ basis set38 
using ORCA.39 The resolution of the identity (RI) approximation was evoked employing the aug-
cc-pVQZ/C auxiliary basis set. We note that the computed aug-cc-pVQZ gas-phase 
tautomerisation energies are nearly identical (differences < 0.02 kcal/mol) to those calculated 
using the smaller aug-cc-pVDZ and aug-cc-pVTZ basis sets, showing that the results are 
adequately converged with respect to basis set size. A similar methodology was employed to 
calculate the energy difference between the two contact ion pairs that are the end points of 
deprotonation at N3 or O4: optimisation using M06-2X/6-31+G** with PCM (polarizable 
continuum model)40 water and subsequent single-point calculation using SCS-MP2/aug-cc-pVTZ 
employing the aug-cc-pVTZ/C auxiliary basis set with COSMO (conductor-like screening 
model)41 water. The two ion pairs considered are the deprotonated (Br)U base interacting with a 
hydronium ion at either N3 or O4. The O4•••H(hydronium) or N3•••H(hydronium) distances 
were kept fixed at 1.6 Å. To keep the hydronium ion intact, an additional water molecule was 
added (see Figure 7). To prevent re-protonation of the base, the water OH pointing to N3 in the 
O4•••hydronium pair and the water OH pointing to O4 in the N3•••hydronium pair were kept 
fixed at 0.96885 Å (the H-bonded O–H distance in a water dimer optimised with M06-2X/6-
31+G**).  
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[Insert Figure 7 here] 
Figure 7. The O4•••hydronium and N3•••hydronium ion pairs.  
3. Results and discussion 
From the trajectories in which the nascent hydronium ion interacting with N3 or O4 remained 
stable during the production phase (between five and seven cases for U and BrU, the free 
energies of deprotonation in water were calculated, and are shown in Table 1.  
Table 1. Helmholtz free-energy changes, ΔF (in kcal/mol), for deprotonation of uracil and 5-
bromouracil at N3, and for deprotonation of the respective enol forms at O4. 
System  ΔFdeprot(N3)a,b  ΔFdeprot(O4)b,c 
U(H2O)49  14.9(6)  4.6(1) 
BrU(H2O)49  9.4(2)  3.3(5) 
a Deprotonation of (Br)U at N3. b In parentheses: estimated uncertainties from the standard 
deviations of . c Deprotonation of the enol forms of (Br)U at O4 (see Figure 1 for labelling).  
 
Comparison of the ΔF values for the N3–H3 and O4–H4 systems shows that, for both bases, the 
diketo form is more stable against deprotonation than the O4-enol form, in agreement with the 
literature.42 With the reasonable assumption that ΔF can be equated with the Gibbs free energy 
ΔG (since volume does not vary significantly with pressure), we can use ΔFdeprot (≈ ΔGdeprot) to 
estimate the pKa of each protic site, according to
21a 
 ΔGdeprot =  2.303RT pKa (4) 
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With T = 320 K, solving for the right-hand side yields pKa (N3) = 10.1 for U and 6.4 for BrU, 
i.e., BrU is a stronger proton donor. In 1962, Katritzky and Waring estimated these values as 9.5 
and 7.8, respectively, by titration at 297 K.6 More recent experimental estimates for U have been 
9.3 and 9.8,43 while B3LYP/continuum-solvent calculations by Jang et al. yielded a value for U 
at 298 K of 9.3.44 In 1989, Sowers et al. determined that the pKa of the dBrU nucleoside at 296 K 
was 8.1,10 while Wood et al. more recently measured a value of 8.2 for this nucleoside.45 We 
note the good qualitative accord between our computed data and these earlier estimates, although 
we calculate an appreciably greater acidity for BrU at N3 than the experimental measurements of 
the nucleoside. 
The calculated values of ΔFdeprot(O4) (≈ ΔGdeprot(O4)) can likewise be used to calculate the pKa of 
each enol form at O4. Solving Eq. 1 yields pKa (O4) = 3.2 for U and 2.3 for BrU. The aqueous 
free energies of tautomerisation, ΔFketo→enol(aq.), of the two bases can be taken as the difference 
between the deprotonation free energies at the two sites.46 The tautomerisation energies 
estimated in this way are markedly different for the two bases: for U, ΔFketo→enol(aq.) ≈ 10.2 
kcal/mol, while for BrU, ΔFketo→enol(aq.) ≈ 6.1 kcal/mol. Tautomerisation is therefore more 
favourable for BrU than for U by 4.1 kcal/mol, in qualitative agreement with the “rare tautomer” 
hypothesis of BrU mutagenicity. Loeb and Kunkel estimated that a free-energy difference of 
1.4n kcal/mol should cause a mispairing rate of 1 in 10n,47 which according to the present results 
implies that BrU should mispair more often than U by a factor of 10(4.1/1.4) ≈ 848. (Here we 
assume the same changes in pKa upon going from the free nucleobases, U and BrU, to the bound 
nucleotides in helical DNA.) 
The difference between the aqueous free energies of tautomerisation derived here at the 
BLYP-D2 level (Δ𝐹𝑘eto→enol
BLYP−D2 (aq. )), and the corresponding gas-phase potential energies of 
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tautomerisation (Δ𝐸𝑘eto→enol
BLYP−D2 (gas)), is due to the effect of solvation on the tautomerism of U 
and BrU. This difference, which has enthalpic, entropic, and solute–solvent contributions, can be 
used to estimate the aqueous tautomerisation energies at higher levels of theory, for which only 
the gas-phase term is known, according to: 
Δ𝐸keto→enol
high−level(aq. ) ≈ Δ𝐸keto→enol
high−level(gas) + 
 +[Δ𝐹keto→enol
BLYP−D2 (aq. ) − Δ𝐸keto→enol
BLYP−D2 (gas)] (5) 
Here we assume that the effect of solvation (the term in square brackets) is method-invariant, so 
the BLYP-D2 solvation term can be combined with gas-phase potential energies from higher 
levels of theory. The gas-phase BLYP-D2/plane-wave tautomerisation energies, calculated using 
CPMD, are 11.2 and 12.0 kcal/mol for U and BrU, respectively. Thus, the contribution of 
solvation to the tautomerisation free energy (derived from the Δ𝐹𝑘eto→enol
BLYP−D2 (aq. ) values of 10.2 
kcal/mol for U and 6.1 kcal/mol for BrU) is −0.9 kcal/mol for U and −5.9 kcal/mol for BrU. 
Applying these corrections to the gas-phase SCS-MP2/aug-cc-pVQZ (aVQZ) tautomerisation 
energies (calculated as 11.9 and 12.5 kcal/mol for U and BrU, respectively, using ORCA39) 
yields Δ𝐹keto→enol
SCS−MP2/aVQZ
(aq. ) = 11.0 kcal/mol for U and 6.6 kcal/mol for BrU. The difference in 
tautomerisation energies is therefore 4.4 kcal/mol at this level of theory, which by Loeb and 
Kunkel’s equation47 implies a BrU-to-U mispairing ratio of 10(4.4/1.4) ≈ 1389, compared with 848 
for BLYP-D2/CPMD. 
In contrast to the force-field-based evaluation of bulk solvation effects on the tautomerisation 
equilibria performed in Ref. 14 (through Monte Carlo alchemical mutation studies), our quantum-
mechanical-based models indicate that a substantial shift in this equilibrium upon going from U 
to BrU is preserved in solution. Our results thus reinforce the rare-tautomer hypothesis. 
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4. Conclusion 
We have shown through constrained CPMD simulations and thermodynamic integration that 
the 5-bromine substituent significantly lowers the pKa of BrU compared with U, thus increasing 
the likelihood that the “mutagenic” enol (or ionic) tautomers are formed in water. Corroborating 
previous suggestions in the literature, our results thus provide new evidence for the previously 
contested “rare tautomer” hypothesis for BrU mutagenicity. To what extent the propensity for 
forming this rare tautomer in water, as shown in this work, is maintained in the partially hydrated 
environment of DNA is an interesting topic for further investigation.  
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